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The effects of thermally annealed silver island ﬁlms have been studied with regard to their potential
applicabilityinapplicationsofmetal-enhancedﬂuorescence,anemergingtoolinnano-biotechnology.
Silver island ﬁlms were thermally annealed between 75 and 250◦C for several hours. As a function
of both time and annealing temperature, the surface plasmon band at ≈420nm both diminished
and was blue shifted. These changes in plasmon resonance have been characterized using both
absorption measurements, as well as topographically using Atomic Force Microscopy. Subsequently,
the net changes in plasmon absorption are interpreted as the silver island ﬁlms becoming spherical
and growing in height, as well as an increased spacing between the particles. Interestingly, when
the annealed surfaces are coated with a ﬂuorescein-labeled protein, signiﬁcant enhancements in
ﬂuorescenceareosbserved,scalingwithannealingtemperatureandtime.Theseobservationsstrongly
support our recent hypothesis that the extent of metal-enhanced ﬂuorescence is due to the ability of
surface plasmons to radiate coupled ﬂuorophore ﬂuorescence. Given that the extinction spectrum
of the silvered ﬁlms is comprised of both an absorption and scattering component, and that these
components are proportional to the diameter cubed and to the sixth power, respectively, then larger
structures are expected to have a greater scattering contribution to their extinction spectrum and,
therefore, more efﬁciently radiate coupled ﬂuorophore emission. Subsequently, we have been able
to correlate our increases in ﬂuorescence emission with an increased particle size, providing strong
experiment evidence for our recently reported metal-enhanced ﬂuorescence, facilitated by radiating
plasmons hypothesis.
KEY WORDS: Metal-enhanced ﬂuorescence; radiative decay rate; increased excitation rate; radiative decay
engineering; surface-enhanced ﬂuorescence; silver island ﬁlms; ﬂuorescence spectroscopy.
INTRODUCTION
In the last ﬁve or so years our laboratories have
both introduced and demonstrated many applications of
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metal-enhanced ﬂuorescence [1–3]. These have included
the increased detectability and photostability of ﬂuo-
rophores [4–6], improved DNA detection [7], the release
of self-quenched ﬂuorescence of overlabeled proteins [8],
enhanced wavelength-ratiometric sensing [9], and the ap-
plication of metallic surfaces to ampliﬁed assay detec-
tion [1,10], to name but just a very few. In addition,
we have developed many surfaces for metal-enhanced
Abbreviations: AFM, Atomic Force Microscopy; APS, 3-(amino-
propyl)triethoxysilane; HSA, Human Serum Albumin; MEF, Metal-
Enhanced Fluorescence; RDE, Radiative Decay Engineering; SEF,
Surface-Enhanced Fluorescence; SiFs, Silver Island Films.
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ﬂuorescence [3,11–15], such as those comprised of silver
islands [5,11], silver colloids [12], silver nanotriangles
[13], silver nanorods [14], and even fractal-like silvered
surfaces[15].Severalmodesofsilverdepositionhavealso
beendeveloped,suchassilverdepositionbylight[16]and
electrochemically[17]onglass[5],plastics[18],andeven
electrodes [19].
In all of these applications of metal-enhanced ﬂu-
orescence (MEF) to date, we have considered that the
ﬂuorophore is both excited and solely emits, the role of
the surface plasmons being one of the near-ﬁeld mod-
iﬁcation of the ﬂuorophores’ far-ﬁeld spectral charac-
teristics, i.e., a modiﬁcation of the ﬂuorophores’ intrin-
sic radiative decay rate [1–4,20]. To this end we have
found that the enhanced ﬂuorescence signals (Quantum
yields–Qm)ofﬂuorophoresincloseproximitytometallic
nanostructures could be described well by the following
equations:
Qm = (  +  m)/(  +  m + knr)( 1 )
where   is the unmodiﬁed radiative decay rate,  m is
the metal-modiﬁed radiative decay rate, and knr are the
nonradiative rates. Similarly, the metal-modiﬁed lifetime,
τm,ofaﬂuorophoreisdecreasedbyanincreasedradiative
decay rate:
τm = 1/(  +  m + knr)( 2 )
These equations have resulted in unusual predictions
for ﬂuorophore–metal combinations [1–4,20]. From Eqs.
(1) and (2), we can see that as the value of  m increases,
the quantum yield Qm increases, while the lifetime, τm,
decreases.Thisiscontrarytomostobservationsinﬂuores-
cence [21], where the free-space quantum yield, Q0, and
lifetime, τ0, usually change in unison [21], as described
by the well-known equations [21]:
Q0 =  /(  + knr)( 3 )
t0 = 1/(  + knr)( 4 )
More recently, however, our interpretation of the
same MEF results has shifted somewhat, to a model
whereby nonradiative energy transfer occurs from excited
distal ﬂuorophores to the surface plasmon electrons in
noncontinuousﬁlms,Fig.1.Thesurfaceplasmonsinturn,
radiate (under certain conditions) the photophysical char-
acteristics of the coupling ﬂuorophores [22], in essence
the system as a whole radiates. This subtle shift in in-
terpretation has been facilitated by our recent ﬁndings
of Surface Plasmon Coupled Emission (SPCE) [23–25],
whereby ﬂuorophores distal to a continuous metallic ﬁlm
can directionally radiate ﬂuorophore emission at a unique
anglefromthebackoftheﬁlm.Remarkably,theplasmon-
Fig. 1. Early interpretation of metal-enhanced ﬂuorescence whereby
ﬂuorophores undergo a radiative decay rate modiﬁcation—Top,a n d—
Bottom.Currentthinking,theﬂuorescenceemissionispartiallyplasmon
coupled and the system radiates.
coupled emission is nearly completely p-polarized, irre-
spective of the excitation polarization [23–25], strongly
indicating that the emission is coupled through the sur-
face plasmons.
Similarly, it has recently been hypothesized that
metal-enhanced ﬂuorescence is also plasmon coupled
[22] and while not highly directional, as is the case
with SPCE, is likely to be dependent on the plasmon
scattering properties of the particulate nanostructures
[22].
It is well-known that the extinction properties of
metal particles can be expressed as both a combination
of absorption (CA) and scattering (CS) factors, when
the particles are spherical and have sizes comparable
to the incident wavelength of light, i.e., in the Mie
limit.
CE = CA + CS = k1 Im(α) +
k4
1
6π
|α|2 (5)
where k1 = 2πn1/λ0 is the wavevector of the incident
light in medium I, α is the polarizability of the sphere
withradiusr,n1 istherefractiveindex,andλ0 theincident
wavelength. The term |α|2 is square of the modulus of α
[22].
α = 4πr3(εm − ε1)/(εm + 2ε1)( 6 )
where ε1 and εm are the dielectric and the complex di-
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representsthecrosssectionduetoabsorption,CA,andthe
second term, the cross section due to scattering, CS.C u r -
rent interpretation of metal-enhanced ﬂuorescence is one
therefore underpinned by the scattering component of the
metal extinction, i.e., the ability of ﬂuorophore-coupled
plasmons to radiate [22].
In this paper we have studied the metal-enhanced
ﬂuorescence phenomenon from thermally annealed silver
islandﬁlms,SiFs.Byannealingthesurfaceswehavebeen
abletoproducethermallystableSiFs,whicharenotprone
to further temperature effects. This suggests the re-use of
these surfaces after autoclaving, i.e., a reusable generic
surface for metal-enhanced ﬂuorescence, or indeed, the
use of these substrates for applications employing ele-
vated temperatures, such as in MEF hybridization assays
[7]. We have also chosen to anneal our freshly prepared
silver island ﬁlms in a conventional laboratory oven in
the presence of oxygen. While this process is well-known
to rapidly form oxide layers, particularly at high anneal-
ing temperatures, we have chosen this procedure so as
keep our silver island ﬁlm preparations consistent with
all our other reports of metal-enhanced ﬂuorescence [1–
19]. In these reports, the silver nanostructures were all
fabricated under similar atmospheric conditions, where
silver oxide layers are likely to have also readily formed
[1–19].
In addition, the annealed surfaces produce larger ﬂu-
orescence enhancements, an ≈50% increase as compared
to ﬁlms, which have not been thermally annealed. We
rationale these increases in ﬂuorescence of ﬂuorophore-
coated annealed ﬁlms, as compared to the unannelaed
ﬁlms, in terms of the larger particles which are formed
upon annealing, and their subsequent greater scattering
cross sections and therefore greater ability to enhance ﬂu-
orescence, as compared to smaller, unannealed SiFs.
MATERIALS AND METHODS
Materials
Silvernitrate(99.9%),sodiumhydroxide(99.996%),
ammonium hydroxide (30%), trisodium citrate,
D-glucose, and premium quality APS-coated glass
slides (75mm × 25mm) were obtained from Sigma-
Aldrich. All chemicals were used as received.
Formation of Silver Island Films (SiFs)
on APS-Coated Glass Substrates
In a typical SiF preparation, ﬁrstly, a solution of sil-
ver nitrate (0.5g in 60mL of deionized water) in a clean
100-mL glass beaker equipped with a Teﬂon-coated stir
bar is prepared and placed on a Corning stirring/hot plate.
While stirring at the quickest speed, 8 drops (≈200µL)
of freshly prepared 5% (w/v) sodium hydroxide solu-
tion are added. This results in the formation of dark-
brownish precipitates of silver particles. Approximately
2mL of ammonium hydroxide is then added, drop by
drop, to re-dissolve the precipitates. The clear solution
is cooled to 5◦C by placing the beaker in an ice bath,
followed by soaking the APS-coated glass slides in the
solution. While keeping the slides at 5◦C, a fresh solu-
tion of D-glucose (0.72g in 15mL of water) is added.
Subsequently, the temperature of the mixture is allowed
to warm to 30◦C. As the color of the mixture turns from
yellow green to yellowish brown, and the color of the
slides become greenish, the slides are removed from the
mixture, washed with water, and sonicated for 1min at
room temperature. The SiFs deposited slides were then
rinsed with deionized water several times prior to the
annealing and ﬂuorescence experiments. This procedure
typically produced ﬁlms with an average island height of
≈50nm (see Fig. 2 top) and with a ≈40% surface mass
coverage [5].
Synthesis of Silver Colloids and Preparation
of Silver Colloid Films
Two millilitersof1.16mMtrisodiumcitratesolution
was added dropwise to a heated (95◦C) aqueous solution
of 0.65mM of silver nitrate while stirring. The mixture
waskeptheatedfor10min,andthenitwascooledtoroom
temperature.
Silver colloid ﬁlms were prepared by immersing
the APS-coated glass slides in silver colloid solution
overnight. The silver colloid deposited slides were rinsed
with deionized water several times prior to the annealing
and ﬂuorescence experiments.
Annealing of Silver Island Films
and Silver Colloid Films
Annealing of silver island ﬁlms and silver colloid
ﬁlms were performed by placing the silver-coated slides
in a Thelco Laboratory Oven at various temperatures (75,
121, 190, and 250◦C) for up to 10hr.
Metal-Enhanced Fluorescence from Annealed
Silver Island Films and Silver Colloids
In previous reports of metal-enhanced ﬂuorescence
(MEF),ourlaboratorieshavecoatedsilveredsurfaceswith
ﬂuorophore-labeled protein [1–3]. This experimental for-
mat has been adopted for two main reasons, the ﬁrst, be-
ingthattheproteincoveragewithHumanSerumAlbumin646 Aslan, Leonenko, Lakowicz, and Geddes
Fig. 2. AFM images of SiFs before (Top) and after thermal annealing at 75◦C for 10hr (bottom). Histograms show surface
height distributions.Annealed Silver-Island Films for Applications in Metal-Enhanced Fluorescence 647
(HSA) is known to bind to silvered surfaces and indeed
forms a monolayer [1–3,11] and secondly, the dimen-
sions of the protein being such that the protein allows
for a mean ≈4nm separation of the silver and the ﬂu-
orophore, MEF being a through space phenomenon, as
demonstrated by the late T. Cotton and indeed our labora-
tories [1–3]. In contrast, Surface-Enhanced Raman Scat-
tering (SERS) is known to be a consequence of mostly
contact between the species of interest and the silvered
surface [1–4].
Binding the FITC-HSA to the silver island ﬁlms and
silver colloid ﬁlms was accomplished by soaking in a
10µM FITC-HSA solution for 2hr, followed by rinsing
with water to remove the unbound material. Both the un-
silveredandsilveredﬁlmswerecoatedwithlabeledHSA,
whichisknowntopassivelyabsorbtonoblemetalsurfaces
andforma≈4nmthickproteinmonolayer[1–3],allowing
us to study the ﬂuorescence spectral properties of nonco-
valent FITC-HSA complexes in the absence and presence
of SiFs. By equally coating a silver ﬁlm with FITC-HSA
we were also able to determine the enhancement factor
(beneﬁt) obtained from using the silver, i.e., Intensity on
Silver/Intensity on Unsilvered glass, given that both sur-
faces are known to have an ≈ equal monolayer coverage
[1–3,11].
Characterization of Annealed Silver Island
Films and Silver Colloid Films
All absorption measurements were performed us-
ing a HP 8453 UV-Vis spectrophotometer. Fluorescence
measurements on silver island ﬁlms and silver colloid
ﬁlms were performed using a Varian Cary ﬂuorescence
spectrophotometer by placing the ﬁlms on a stationary
stage (positioned in front of the excitation source and
the detector) equipped with mirrors to divert the excita-
tion/emission to and from the sample.
AFM images were collected with an Atomic Force
Microscope (TMX 2100 Explorer SPM, Veeco) equipped
with an AFM dry scanner (the scanning area was
100µm × 100µm). Surfaces were imaged in air, in a
tapping mode of operation, using SFM noncontact mode
cantilevers (Veeco). The AFM scanner was calibrated us-
ing a standard calibration grid as well as by using gold
nanoparticles, 100nm in diameter from Ted Pella. Images
were analyzed using SPMLab software.
Time-resolvedintensitydecaysweremeasuredusing
reverse start–stop time-correlated single-photon counting
(TCSPC)[21]withaBeckerandHicklgmbh630SPCPC
card and an unampliﬁed MCP-PMT. Vertically polarized
excitation at ≈440nm was obtained using a pulsed laser
diode, 1MHz repetition rate.
RESULTS AND DISCUSSION
Silver island ﬁlms (SiFs), were annealed at various
temperaturesfrom75to250◦C,Fig.3.Thesilverplasmon
absorption (extinction) spectra typically show a decrease
inthe≈420nmplasmonabsorptionband,aswellasashift
to shorter wavelengths. This effect is more pronounced
with increased temperature, where the spectral changes
at 75◦C, are less dramatic than those at much higher an-
nealing temperatures, c.f. Fig. 3, panels A and D. Subse-
quently by ratiometrically plotting the 420nm absorption
band as a function of annealing temperature and time, we
can clearly see that the more signiﬁcant changes to the
silver islands are indeed occurring at higher temperatures,
Fig. 4.
As well as measuring the plasmon absorption spec-
tra we were able to get additional insights into the size
and shape changes of the SiFs using Atomic Force Mi-
croscopy (AFM). Figure 2 shows a typical AFM image of
aSiFbothbeforeandafterannealingat75◦Cfor10hr,top
andbottom,respectively.Therighthand-sideinsertsshow
surface height histograms. Interestingly, while only slight
changes in plasmon absorption were observed, Fig. 3,
Panel A, the AFM image shows that much larger particles
are present after annealing. In addition, by considering
many spectra, taken with many samples under different
conditions, we also observed the general trend that the
spacing between the particles increased, and that the par-
ticles became spherical as a function of both time and
annealing temperature. A height analysis of the surfaces
revealed the structures to increase in size as a function of
both annealing temperature and time, Fig. 5, where the
changes in ﬁlm height when annealed at 75◦C are thought
to be within the experimental error, i.e., no change in
height is likely for a 75◦C annealing temperature.
These changes in SiF morphology on surfaces have
also been observed by others, [26–33] while developing
platforms for Surface-Enhanced Raman Scattering [31–
33]. Similar to previous interpretations, our changes in
plasmon extinction, coupled with an insight into the size
and shape changes revealed by AFM, can be explained
by net surface plasmon changes. While an increased par-
ticle size would be expected to result in a red shifted
plasmon absorption maximum [34–36], the dominant in-
ﬂuence here is the decreased interaction of neighboring
SiFs, as a result of an increased particle separation, noting
thatonewouldexpectmasstobeconservedonthesurface
during annealing. The interparticle dipole–dipole interac-
tions are known to determine the width of the extinction
bands of SiFs [37]. Hence, as the SiFs become spherical,
larger, and more spaced, the net change in silver plas-
mon absorption is a blue shifted and decreased absorption648 Aslan, Leonenko, Lakowicz, and Geddes
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Fig. 3. Absorption spectra of SiFs after annealing at different temperatures. A – 75◦C, B – 121◦C, C – 190◦C ,a n dD–2 5 0 ◦C.
maximum. Interestingly for ﬁlms annealed at 250◦C, then
a slightly different behavior is observed, whereby the sil-
ver plasmon absorption eventually red shifts after initially
shifting blue. This is thought to be due to the particles be-
ing sufﬁciently spaced that the dipole–dipole interactions
become very weak, the plasmon absorption now domi-
nated by the size and shape of the isolated particles.
Theeffectsofthermallyannealingsilvercolloidﬁlms
were, however, markedly different. The plasmon absorp-
tion spectra both red shifted and increased for temper-
atures over 190◦C, Fig. 6. Interestingly, the size of the
colloids did not signiﬁcantly change from their initial
30–80nm diameter size distribution, (data not shown)
suggesting that the changes observed in the absorp-
tion spectra were dominated again by particle–particle
dipole–dipole interactions [37], and not by size and
shape.
To investigate the use of both annealed SiFs and col-
loidal ﬁlms in metal-enhanced ﬂuorescence, ﬁlms were
coated with ﬂuorescein-labeled Human Serum Albumin
(HSA), which passively absorbs onto the surface and is
known to form a monolayer coverage [1–3]. Figure 7
top and middle shows that enhanced ﬂuorescence can
be observed from annealed SiFs and colloidal ﬁlms, as
compared to a control sample, which is a monolayer
of labeled-protein-coated glass. By considering the en-
hancement factor, Fig. 7 bottom, which is the ratio of the
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ﬂuorescein emission from the annealed silver surfaces as
comparedtoglass,wecanseenotabledifferencesbetween
annealed SiFs and colloids. Firstly, the enhanced ﬂuores-
cencefromcolloidalﬁlmsisgenerallylargerthanforSiFs.
This ﬁnding is consistent with previous reports from our
laboratory[2,12]andisinpartduetotheenhancedelectric
ﬁeldsaroundthecolloids,whichalsocanenhanceﬂuores-
cence due to modiﬁcations in a ﬂuorophores’ excitation
rate [4,20]. Secondly, the enhancements from colloidal
ﬁlms are approximately constant, irrespective of surface
thermal annealing, which is in contrast to SiFs, which
show an increase of up to 50% in the enhancement. This
result suggests the use of preannealed silver island or col-
loid ﬁlms as substrates in MEF, which involve modest
temperature increases, such as in substrates for hybridiza-
tion assays [7], or for use as reusable autoclavable clinical
sensing platforms. In addition, Fig. 7 bottom shows sim-
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Fig. 6. Absorption spectra of silver colloids deposited on APS-coated
glass slides after thermal annealing at different temperatures.
ilar enhancements for SiFs and colloids after annealing
at high temperature (>190◦C) for 3hr. Given that both
the plasmon absorption spectra and AFM images show a
rearrangement from SiFs to colloids as a function of both
temperature and annealing time, coupled with the fact
that colloidal ﬁlms undergo little shape and size change,
then the similar ﬂuorescence enhancements observed are
considered to be due to there being similar nanostructures
presentonboththesurfacesafterannealing.Whilebeyond
the scope of our laboratory annealing equipment at this
time, we question whether very similar surface structures
would eventually be observed after annealing at higher
temperatures than were employed in our study, and for
longer periods of time? i.e., would the curves in Fig. 7
bottom eventually converge?
In many examples of ﬂuorescence-based sensing it
is ﬂuorophore detectability that governs the utility and
sensitivity of the sensing approach [21]. In general, the
detectability of a ﬂuorophore is determined by two fac-
tors: the extent of background emission from the sam-
ple and the photostability of the ﬂuorophore. A highly
photostable ﬂuorophore, such as tetramethyl rhodamine
[4] can undergo about 106 excitation–relaxation cycles
prior to photobleaching. While this can yield as many as
104 detectable photons per ﬂuorophore it should be real-
ized that the vast majority of ﬂuorophores photodegrade
after far fewer excitation–emission event cycles [4,21].
Subsequently, we tested the photostability of ﬂuorescein-
HSA on the annealed SiFs as compared to an identical
unannealed SiF sample as well as a glass control sample.
Figure 8 top shows ﬂuorescein-HSA emission as a func-
tion of time, excited at 470nm and observed through a
500nmlongpassﬁlter.Therelativeintensitiesoftheplots
reﬂect the beneﬁts of using silvered surfaces for MEF, in
that more detectable photons can be observed per unit
time from the annealed SiFs, as compared to both unan-
nealed SiFs and indeed the glass control surface, where
the integrated areas under the plots are proportional to
the photon ﬂux from the respective samples. By addition-
ally adjusting the laser power to match the same initial
steady-state intensities of the samples, Fig. 8 bottom, we
can see that the annealed SiF produces more photostable
ﬂuorescein-HSA.Thisﬁndingisconsistentwithareduced
ﬂuorescein lifetime, the ﬂuorescein in essence spending
less time in an excited state, and therefore is less prone to
photodestruction [1–3], i.e., it is more photostable.
We additionally measured the lifetime of the sam-
ples used in the photostability study, Fig. 9. The in-
tensity decay shows that a much shorter lifetime is
evident for ﬂuorescein-HSA as compared to the glass
control sample, further supporting our photostability
observations.650 Aslan, Leonenko, Lakowicz, and Geddes
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Finally,itisinterestingtonotethattheannealedﬁlms
yield both increased emission from locally positioned ﬂu-
orescein, as well as a reduced ﬂuorescein lifetime. As
brieﬂy mentioned in the Introduction, this combination
of an increased quantum yield, coupled with a decreased
lifetime is unusual in ﬂuorescence spectroscopy, and is
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consistent with a modiﬁcation of the intrinsic radiative
decay rate of the ﬂuorophore, see Eqs. (1–4). This forms
the basis of our earlier interpretations of metal-enhanced
ﬂuorescence [1–5,20].
Metal-Enhanced Fluorescence: Interpretation
in Terms of Radiating Plasmons
Until recently the emission of ﬂuorophores in close
proximity to metallic nanostructures was thought to orig-
inate solely from the ﬂuorophore, the excited plasmons
interacting with the ﬂuorophore and changing its free-
space spectral characteristics [1–5,20]. However, recently
our interpretation of metal-enhanced ﬂuorescence has
changedsomewhat[22]asshowninFig.1,toonewhereby
excited ﬂuorophores can nonradiatively transfer energy to
surface plasmons which in turn, radiate the ﬂuorophores’
photophysical characteristics, in essence the system radi-
ates [22]. While there is very little experimental evidence
todatethatthemetal-enhancedﬂuorescencephenomenonAnnealed Silver-Island Films for Applications in Metal-Enhanced Fluorescence 651
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Fig. 9. Typical intensity decay of ﬂuorescein-HSA-coated annealed
SiFs (190◦C) and glass. IRF—Instrumentation Response Function.
isduetoﬂuorophore-coupledradiatingplasmons,thedata
presented here for thermally annealed silver island ﬁlms,
certainly goes some ways to support this interpretation, as
is described below.
It is known that surface plasmons can be created by
illumination of thin continuous metal ﬁlms under very
unique optical conditions, such as through a prism, or a
medium of high dielectric constant and with p-polarized
light [22]. However, surface plasmons can also be cre-
ated by direct illumination of metallic solution based col-
loids or nanostructures, or even by nanostructures bound
to surfaces [22]. Illumination of nanostructures or col-
loids typically results in the visualization of strong col-
ors, which is due to a combination of both absorption
and scattering [35,36]. The term “absorption” is generi-
cally used for these nanostructures and colloids, but the
correct term is “extinction,” as there are both absorption
and scattering components to the observed colors. Based
on the recent radiating plasmon model postulated by our
laboratories [22], small colloids are expected to quench
ﬂuorescence,becausetheabsorptioncomponentoftheex-
tinction is dominant over scattering, while larger colloids
or nanostructures are expected to result in enhanced ﬂu-
orescence, as the scattering component is now dominant
over the absorption component of the extinction spectra.
Intuitively, by considering Eqs. (5) and (6) we expect the
absorptiontermCA tocausequenching,andthescattering
term CS to cause ﬂuorescence enhancement due to ﬂuo-
rophore coupling (described in the next section in more
detail). Examination of Eq. (5) shows that CA increases
as the radius of the nanoparticle cubed, whereas CS in-
creases as the radius to the sixth power. For this reason,
larger nanostructures are expected to show greater ﬂuo-
rescence enhancements than smaller nanoparticles. While
this understanding underpins Mie theory [35,36,38–40]
for small spherical particles whose radius is less than
0.05 λ, the general conditions and equations are still valid
for much larger nanostructures, but considerably more
complex [35,36,38–40].
With regard to the ﬂuorescence enhancements ob-
served here for annealed silver island ﬁlms, it is thought
thattheﬂuorescenceenhancementincrease,Fig.7bottom,
is due to the increased size of the nanostructures after
annealing, the CS component of the extinction becom-
ing more dominant than the absorption, CA, component.
Similarly, the annealed colloidal ﬁlm data also bears out
this interpretation, as the size of the surface-bound col-
loids remained approximately the same after annealing,
the Fluorescein-HSA enhancement approximately con-
stant as seen in Fig. 7 bottom. In addition, while the elec-
tric ﬁeld effect or sometimes called the “lightening rod
effect” [4,20] is known to modify ﬂuorophore absorption
cross sections, thereby increasing the excitation rate of
ﬂuorophores, this effect is dependent on the close locality
of the ﬂuorophore to the nanostructures, and would not
be expected to increase with an increase in interparticle
spacing, as is observed here. Moreover, a modiﬁcation in
the excitation rate of ﬂuorophores would not alter a ﬂuo-
rophores’ ﬂuorescence lifetime [4,20]. To the best of our
knowledge this is the ﬁrst experimental observation that
supports the hypothesis of ﬂuorophore–plasmon coupled
emission from noncontinuous particulate ﬁlms.
An Increased Quantum Yield, Decreased Lifetime,
and Plasmon-Coupled Emission
While we have rationaled the observations of en-
hanced ﬂuorescence intensities as a function of SiF an-
nealing in terms of the increased CS component of the
extinction spectra, it is informative to comment on the
quantum yield and lifetime changes observed, given that
current thinking has slightly shifted from a radiative rate
modiﬁcation, as originally depicted by Eqs. (1–4) [1–3].
The lifetime of surface plasmons are known to be
very short, on the order of tens of femtoseconds [41,42].
This suggests that in our radiating plasmon interpreta-
tion, the energy transfer is essentially one way, from ﬂu-
orophore to metal [22]. The increased quantum yield of
ﬂuorophoresincloseproximitytometallicnanostructures
can be understood as the result of rapid energy transfer
to the plasmons, which then radiate to the far-ﬁeld [22].
When discussing excited ﬂuorophores near to metals, we
assume that the near ﬁeld is present while the ﬂuorophore
is in an excited state, i.e., a ﬁeld around an oscillating
dipoleatdistancescloserthanthewavelength.Forfarﬁeld
radiation, we refer to a wave propagating away from its
source, whether ﬂuorophore or metal. For a ﬂuorophore,652 Aslan, Leonenko, Lakowicz, and Geddes
the far-ﬁeld wave exists after it releases a photon and
returns to the ground state.
The concept of donor–acceptor emission was ﬁrst
described by Forster for donor–acceptor pairs [21]. How-
ever, our laboratories have recently shown experimentally
forﬂuorophoresthatrapidenergytransferfromadonorto
an acceptor resulted in an overall increase in the quantum
yield of the system, when the quantum yield of the accep-
tor is greater than the donor [43,44]. This effect occurs
because the rate of Forster energy transfer is proportional
to the radiative decay rate of the donor and is indepen-
dent of the nonradiative decay rates. If the transfer rate
is high, which is thought to be the case for ﬂuorophore–
metal combinations, then the energy is transferred before
the donor can decay by the nonradiative pathways, which
are inherently the same in the absence and presence of the
acceptor.
The effect of transfer to the metal can be described
well by the following equations, where the rate of energy
transfer to plasmons, or groups of plasmons is provided
for by Forster’s theory, and is given by:
kT =
1
τ0

R0
r
6
(7)
where n = 4 or 3 for a plane or ﬁlled half-space of accep-
tors, respectively, R0 is the well-known Forster distance,
r is the distance from the ﬂuorophore to the acceptor
(metal), and τ0 is the lifetime of the donor ﬂuorophores in
theabsenceofacceptors.Recallingthequantumyieldand
lifetime equations in the absence of metal, Eqs. (3) and
(4), the efﬁciency of energy transfer into the plasmons is
given by:
E =
kT
  + knr + kT
(8)
Astherateoftransferbecomeslargerthantheinverse
lifetime, then the transfer efﬁciency approaches unity.
The total emission of the ﬂuorophore–metal combi-
nation can now be given by:
IT = IF + IP = kεFQ0 (1 − E) + kεFQS (9)
whereIF istheﬂuorophoreemissionintensityandIP isthe
emission due to the radiating plasmons, QS is the scatter-
ing quantum yield, εF is the absorption coefﬁcient of the
ﬂuorophore, and k is an instrumental constant describing
collection efﬁciencies, etc. From Eq. (9) we can see that
as the transfer efﬁciency, E, approaches 100% (unity), the
total intensity becomes:
IF = kεFQS (10)
Thismeansthatforﬂuorophore–metalcombinations,
the effective quantum yield of the ﬂuorophore approaches
unityandtheoverallquantumyieldofthesystembecomes
the quantum yield of scattering. Remarkably, this occurs
irrespective of whether the ﬂuorophore has a low or high
quantumyield.Thisformsthebasisofourrecentradiating
plasmon model [22].
In terms of the annealed SiF data presented in this
paper, we see an overall increase in the ﬂuorescence in-
tensityasthesizeofthenanostructuresincreases,because
the quantum yield of scattering is higher for larger struc-
turesthanforsmallerstructures,i.e.,competitionbetween
absorption (quenching) and scattering, the CA = radius3
vs.CS =radius6,c.f.Eqs.(5)and(6)[35,36].Thelifetime
of ﬂuorescein in the presence of metal also drops, similar
to any donor in the presence of an efﬁcient acceptor as
depicted by Forster’s theory [21].
CONCLUSIONS
In this paper we have shown that silver island ﬁlms
can undergo both size and shape changes as a function
of thermal annealing between 75 and 250◦C. In contrast,
silver colloid ﬁlms, were relatively unperturbed by ther-
mal annealing. When coated with a ﬂuorophore-labeled
protein,thenmetal-enhancedﬂuoresceinﬂuorescencecan
be observed from the surfaces, up to a 10-fold increase
as compared to surfaces having no silver. These ﬁnd-
ings suggest the use of annealed silver island ﬁlms as
reusable autoclavable substrates for clinical assays, or for
elevated temperature-based sensing, such as for use in
metal-enhanced ﬂuorescence hybridization assays.
Wehavealsorationaledtheincreasesinﬂuorescence
observed, not in terms of a ﬂuorophore radiative decay
rate modiﬁcation as was previously postulated by our lab-
oratories, but one which involves efﬁcient energy trans-
fer to surface plasmons, which then radiate, depending
on the quantum efﬁciency of the scattering component
of the particles’ extinction spectrum, which is itself de-
pendent on nanoparticle size. While the data presented
here is not deﬁnitive proof of our new interpretation of
metal-enhanced ﬂuorescence, the size dependence of the
silver nanostructures on ﬂuorescence enhancement, cer-
tainly supports our interpretation and the new radiating
plasmon model.
Finally, metal-enhanced ﬂuorescence is a new and
emerging tool in biotechnology. At present it is difﬁcult
to predict whether a particular sized metal structure will
quenchorevenenhanceﬂuorescence.Subsequently,more
detailed studies of the sizes and shapes of nanostructures,
and the locality of ﬂuorophores are needed with regard
to quantitative MEF. In this regard, the radiating plasmon
model provides the ﬁrst framework for this interpretation.Annealed Silver-Island Films for Applications in Metal-Enhanced Fluorescence 653
Further studies by our laboratories are currently
underway.
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